
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 26, 2023

Loss of stability and hydrophobicity of presenilin 1 mutations causing Alzheimer's
Disease

Somavarapu, Arun Kumar; Kepp, Kasper Planeta

Published in:
Journal of Neurochemistry

Link to article, DOI:
10.1111/jnc.13535

Publication date:
2016

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Somavarapu, A. K., & Kepp, K. P. (2016). Loss of stability and hydrophobicity of presenilin 1 mutations causing
Alzheimer's Disease. Journal of Neurochemistry, 137(1), 101-111. https://doi.org/10.1111/jnc.13535

https://doi.org/10.1111/jnc.13535
https://orbit.dtu.dk/en/publications/fe36b44f-77fb-4228-8033-c8def080bf59
https://doi.org/10.1111/jnc.13535


Technical University of Denmark, DTU Chemistry, Kongens Lyngby, Denmark

Abstract
Nearly 200 mutations in the gene coding for presenilin 1
(PSEN1) cause early-onset Alzheimer’s disease, yet the
molecular mechanism remains obscure. As a meta-analysis,
we compiled available clinical and biochemical data for PSEN1
variants and correlated these to chemical properties of the
mutants. We found statistically significant relationships
between relative Ab42 levels and clinical age of onset. We then
computed chemical properties of the mutants from a variety of
computational chemistry tools. Relative Ab42 levels correlated
significantly (95% confidence or more from p-values of linear
regression) with loss of hydrophobicity for four different regres-
sion analyses (squared correlation coefficient of linear regres-
sion R2 of 0.41�0.53) and with increased polarity (R2 = 0.47,
0.59) and loss of protein stability (R2 = 0.39, 0.63) for two

independent data sets. Age of onset of patients carryingPSEN1
variants correlatedwith increased polarity (R2 = 0.49, 0.40) and
loss of stability (R2 = 0.75, 0.44) of the protein for both data
sets. These relations suggest that mutants impair the mem-
brane-associated structural integrity of presenilin by reducing
hydrophobic membrane association and overall protein stabil-
ity. This explains why the many mutations that spread out
across the protein and far from the catalytic aspartates can
cause disease. The identifiedmolecular determinants of clinical
age of symptom onset may be relevant to future presenilin-
modulating therapies specifically directed towards increasing
the structural integrity and packing of the protein.
Keywords: Alzheimer’s Disease, chemical properties,
genotype–phenotype relation, mutation, Presenilin.
J. Neurochem. (2016) 137, 101–111.

Alzheimer’s Disease (AD) is a devastating neurological
disease that affects millions of people worldwide, with
growing prevalence but no efficient cure (Goedert and
Spillantini 2006; Karran et al. 2011; Kepp 2012). Among the
characteristic biochemical features of the disease, tau-protein
hyperphosphorylation (Goedert and Spillantini 2006), oxida-
tive stress (Jomova et al. 2010), metal ion dysregulation
(Kepp 2012) (Bush 2013), metabolic dysfunctions (Morris
et al. 2014; Wilkins et al. 2014) and extracellular deposition
of fibrils (‘senile plaques’) consisting of amyloid-b (Ab)
peptides (Hardy and Selkoe 2002; Karran et al. 2011)
consistently occur.
AD mainly occurs sporadically, with little family history.

However, genetic mutations in the genes coding for amyloid
precursor protein (APP) (Goate et al. 1991), presenilin 1
(PSEN1) (Sherrington et al. 1995) and presenilin 2 (PSEN2)
(Levy-Lahad et al. 1995; Rogaev et al. 1995) cause specific
forms of early-onset familial AD (FAD) (Campion et al.
1999; Hollingworth et al. 2011; Ryman et al. 2014). The Ab
peptides are considered central to AD (the ‘amyloid hypoth-
esis’, see Hardy and Selkoe 2002), because of the Ab
deposits in patient brains and the fact that APP and presenilin

relate directly to Ab (Hardy and Selkoe 2002; Tiwari and
Kepp 2015); Ab is cleaved from membrane-bound APP by
the action of several enzymes, the final one being c-secretase,
a protein complex whose catalytic component is presenilin
(De Strooper et al. 1998; Kimberly et al. 2003; Ch�avez-
Guti�errez et al. 2012).
Despite massive research, current treatments still only

delay AD by some months. Moreover, several recent high-
profile clinical trials of new AD medicine have failed, which
has lead to the criticism of current paradigms and protocols
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and lack of molecular insight (Teich and Arancio 2012;
Doody et al. 2013; De Strooper 2014; Karran and Hardy
2014; Rosenblum 2014). Accordingly, etiologies remain
under debate with multiple hypotheses in existence (Car-
valho et al. 2009; DeToma et al. 2012; Kepp 2012; Teich
and Arancio 2012; Morris et al. 2014). Specifically, two
hypotheses can explain PSEN-related FAD: Gain of toxic
amyloid function or loss of normal presenilin function (Shen
and Kelleher 2007).
The Ab peptides produced by c-secretase from APP vary

in length (Haass and Selkoe 1993; Haass et al. 2012).
Among the produced isoforms, Ab40 and Ab42 dominate, and
the longer isoforms tend to be more hydrophobic, more
aggregation-prone and also more toxic in cell assays (Rauk
2009). Accordingly, higher ratios of long (e.g. Αb42) versus
short amyloids (e.g. Ab40) are suggested to be pathogenic
culprits of AD (Karran et al. 2011; Wolfe 2012). Most
genetic variants of PSEN1 and APP increase this ratio
(Borchelt et al. 1996; Duff et al. 1996; Lemere et al. 1996),
consistent with a toxic gain-of-function mechanism.
Increased long/short Ab ratios may be caused by delays in
the sequential proteolysis by mutant c-secretase (Wolfe
2012; Fernandez et al. 2014). Soluble oligomers of Ab42 are
particularly toxic and may be pathogenic forms of Ab (Hardy
and Selkoe 2002; Karran et al. 2011; Hefti et al. 2013).
However, loss of normal presenilin function could also

cause FAD (De Strooper 2007; Shen and Kelleher 2007):
The catalytic proficiency and total Ab levels produced by
PSEN1 mutants tend to decrease (Cacquevel et al. 2012); c-
secretase cleaves other substrates including the important
Notch protein, and PSEN1 knock-out models produce
neurodegeneration (Saura et al. 2004), although not all
FAD-causing PSEN1 mutations lose their ‘non’-c-secretase
functions (Woodruff et al. 2013). Among possible functions
of the presenilin protein, a role in calcium homeostasis is
notable as it is crucial for neuronal homeostasis and signaling
(Supnet and Bezprozvanny 2011); (Corona et al. 2011). In
this context, Ab also forms calcium channels (Kuo et al.
2015), providing an alternative presenilin/APP unifying loss-
of-function etiology (Arispe et al. 1993; Small et al. 2009;
Demuro et al. 2010).
The 3-dimensional structure of human c-secretase was

recently determined at 4.5, 4.3 and 3.4 �A using single-
particle cryoelectron microscopy (Lu et al. 2014; Bai et al.
2015; Sun et al. 2015) to reveal a horse-shoe like trans-
membrane structure with presenilin having nine transmem-
brane helices. This insight into the second and tertiary
structure of presenilin serves as a unique opportunity to study
the chemical forces of PSEN1 mutations that lead to FAD
within a structural and chemical property context.
As shown recently, age of symptom onset differs substan-

tially and significantly among the different PSEN1 variants,
rendering this descriptor useful for investigating the disease
(Ryman et al. 2014). In this work, we compiled both the

available clinical data for age of symptom onset of PSEN1
variant carriers and the available data for Ab42/Ab40 levels
upon expression of PSEN1 mutants, as a meta-analysis
extending previous attempts to identify such correlations
(Duering et al. 2005). As a new approach, we correlated
these clinical data against computed chemical and structural
properties of the corresponding PSEN1 mutants. We found
statistically significant correlations between age of onset and
relative Ab42 levels, as previously found (Duering et al.
2005), but more interestingly we also found significant
correlations with specific changes in fundamental chemical
properties of the mutants, associated with increased polarity
and reduced protein stability. These correlations to funda-
mental chemical properties are the first reported, as far as we
are aware.
The findings can be rationalized by a model where the

different regions of presenilin need to retain hydrophobic
packing and stability to adhere well to the membrane-bound
protein, whereas increased polarity or loss of stability will
reduce the packing of presenilin within the membrane and
the remaining enzyme complex. This general stability-
association mechanism provides the first chemical-property-
derived explanation as to why so many mutations are
scattered throughout the sequence of PSEN1, usually far
from the catalytic aspartates, and how all of this can lead to
disease. Experiments have demonstrated that the hydropho-
bic bilayer thickness is critical for both total catalytic activity
as well as cleavage specificity, as measured by Ab isoform
ratios, of c-secretase, with production of Ab40 being higher
in thicker membranes (Winkler et al. 2012). These experi-
ments are consistent with a membrane-packing integrity
model as deduced from the chemical properties correlating
with age of symptom onset in this work.

Methods

Data collection

PSEN1 mutations linked to autosomal dominant AD were compiled
from the Alzforum database (www.alzforum.org) and the AD &
FTD database (www.molgen.ua.ac.be/ADMutations). The data set
contains a total of 210 mutations of which 183 are pathogenic point
missense mutations, 12 are non-pathogenic point missense muta-
tions, and 15 correspond to insertions, deletions and frameshifts.
The subset containing pathogenic missense mutations were used for
further analysis. Among 183 such mutations, multiple mutations
occurred at 53 positions, which together constitute nearly two-thirds
of all pathogenic mutations. The mutants are collected in Table S1.

For as many PSEN1 mutants as possible, measured Ab42/Ab40
levels, relative Ab42/Abtotal ratios and the mean clinical age of
symptom onset were collected from the databases and literature.
Because of differences in protocols, the data set in some instances
contains different quantifications of relative Ab42 levels: Ab42/Ab40
denotes the ratio of total Ab42 to the total amount of the Ab40
isoform as expressed in cell models of the mutant, whereas Ab42/
Abtotal denotes the ratio of Ab42 to the total Ab (all isoforms, almost
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exclusively Ab42 and Ab40); both ratios were reported as ratios
relative to the ratio expressed by wild type presenilin in the same
experiment. As a result of these differences, we divided the total
data set into two individual data sets (data set 1 and 2).

Computation of chemical properties

To have a molecular structure of presenilin relevant for computing
structure-dependent properties, we used a presenilin homology
model that was modeled using the Modeller program (Sali and
Blundell 1993) and the SWISSMODEL homology server (Arnold
et al. 2006; Biasini et al. 2014). This homology model preserves the
transmembrane helix topology of the recent electron microscopy
structure at 3.4 �A resolution (Bai et al. 2015) but includes all atoms
of the residues and further adds loops to the structure where several
of the mutations are located (Fig. 1). To investigate whether protein
stability is a factor in PSEN1-variant associated FAD, mutant
stabilities relative to wild-type presenilin, ΔΔG (kcal/mol), were
calculated using the software I-Mutant 2.0 (Capriotti et al. 2005).
This method is based on a support vector machine that was trained
on experimental data derived from the extensive Protherm database
(Gromiha 2007). We calculated the change in stability using both
the homology model and the specific vector machine parameterized
for protein sequence. This approach enabled an account of the role
of protein stability changes associated with PSEN1 mutations
causing FAD. A value of ΔΔG = 0 means that the presenilin mutant
has the same thermodynamic stability as the wild type protein,
whereas a negative value means that it is less stable by that amount,
measured in kcal/mol.

To study the possible molecular mode of action of PSEN1
mutations, changes in fundamental properties caused by the changed
amino acids (such as hydrophobicity, polarity, helix propensity and

empirical propensity to be buried) were computed for all PSEN1
mutants. The empirical values of these properties for each of the 20
amino acids were taken from previously standardized property
scales (Grantham 1974; Kyte and Doolittle 1982; Rose et al. 1985;
Roseman 1988). Because of known differences in hydrophobicity
scales that could affect interpretation, we employed two commonly
used but distinct scales by Roseman et al. (Roseman 1988) and
Kyte and Doolittle (K&D) (Kyte and Doolittle 1982) derived by
different approaches. The numeric scales are arbitrary (e.g. derived
from a weighted average of transfer free energies and the fractions
of side chains buried in proteins) but the signs and magnitudes
enable property correlation (Kyte and Doolittle 1982). A large
positive value means that the amino acid is hydrophobic. Scales
derived by Grantham et al.(Grantham 1974) and Rose et al.(Rose
et al. 1985) were used to compute changes in polarity and
propensity to be buried, respectively. The change in each property
upon mutation was calculated as the value of the property for the
specific mutant minus the value of the same property for the wild-
type protein. Thus, for example, increased hydrophobicity in the
mutant relative to the wild type corresponds to a positive value of
the change in hydrophobicity associated with mutation.

Statistical procedures

The clinical Systematic risk modifiers, both genetic and non-
genetic, strongly affect clinical age of onset, as evident from the
standard deviation of onset age within single families carrying the
same PSEN1 mutation typically being 2�6 years, even with up to
25 affected individuals (Poorkaj et al. 1998). Such within-family
standard deviations will be a lower bound to that from a similar
amount of patients from several families, where risk modifiers will
be more heterogeneous. Therefore, observations based on one or

Fig. 1 (a) Topology of the transmembrane, cytoplasmic and luminal/
extracellular regions of presenilin 1 (Uniprot numbering). FAD muta-

tions are shown in red and catalytic aspartates D257 and D385 in

green. The plot was made with the PROTTER program (Omasits et al.
2014). (b) Homology model of presenilin 1 with FAD mutants mapped

onto it (red lines); the catalytic aspartates are shown as green sticks.
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even two families are insignificant. The standard deviation
decreases with the number N of families for which data are
reported. From linear regression analysis including all data where
N = 1 or 2, no statistically significant correlations were identified,
explaining why some previous work did not identify correlations
between amyloid levels and age of onset (De et al. 1999;
Murayama et al. 1999). Instead, we found that variant data
observed in at least three families had noise levels that were small
enough to provide meaningful regression; these final reduced
subsets (data set 1 and 2) are thus relatively small but stringently
defined by N ≥ 3. The age of onset studied in these data sets ranges
from 34 to 61 years.

Data sets 1 and 2 were analyzed by linear regression analysis to
identify statistically significant linear correlations between changes
in fundamental chemical properties and clinical data associated with
each PSEN1 mutant. In each case, squared correlation coefficients
(R2) and p-values of regression significance were reported. In order
to be considered a significant result, p < 0.05 was required for any
such correlation, implying that the observed relationship would be
< 5% likely to have arisen randomly (i.e. from a random scattering
of data points). However, as seen, several of these newly identified
relationships are substantially more significant than this 95%
confidence level. This procedure was consistently carried out for
all the chemical properties that were included in this study, as
described above.

Results

Structural mapping and changes in chemical properties of

PSEN1 mutants

Table S1 shows the compilation of all 183 pathogenic point
missense mutations in the PSEN1 gene and our computed
associated changes in chemical properties of the mutant
protein. However mutations occur throughout the PSEN1
sequence, the majority of them are localized within the
transmembrane regions, with TM2, TM3, TM5, TM6 and
TM7 being the particularly affected regions, as seen from a
mapping of mutated sites onto a membrane-topology scheme
in Fig. 1a (Hardy and Crook 2001; Ogura et al. 2006; Wolfe
2013). The mapping of mutations onto the detailed homol-
ogy model is shown in Fig. 1b. Clearly, many of these sites
are far from the two catalytic aspartates that cleave protein
substrates such as Notch and C-terminal APP fragments.
Analysis of the composition of amino acids among all

pathogenic mutations reveals that the majority of the residues
(~ 65%) that undergo mutation lose hydrophobicity. In
particular, highly hydrophobic wild-type leucines are
mutated into less hydrophobic residues in more than 40
(one-fifth of all) cases (Figure S1).
For each mutation, we computed hydrophobicity, the

empirical propensity of the amino acid to be buried (a
property that correlates with hydrophobicity), polarity (which
partly correlates inversely with hydrophobicity), helix
propensity and protein stability (DDG) using both sequence-
and structure-dependent estimates by I-Mutant 2.0 (Capriotti
et al. 2005), and we assigned the solvent accessibility and

secondary structure to each site. These results are shown in
Table S1 of the Supporting Information.

Age of onset correlates with Ab42/Ab40 ratio

The Ab levels measured in cell models expressing mutant
presenilins have been determined in many cases; these data
can be directly related to the clinical age of symptom onset
for specific PSEN1 variants where both types of data are
available. Such correlations were previously attempted
without success (De et al. 1999; Murayama et al. 1999)
and with success (Duering et al. 2005; Kumar-Singh et al.
2006). A main reason for this difference is the heterogeneity
in data because of risk modifiers, in particular for mild
phenotypes that weaken such genotype–phenotype correla-
tions (Kepp 2015).
As explained in the Methods, we defined two data sets for

which average age of onset was available for N ≥ 3 together
with the Ab42/Ab40 and Ab42/Abtotal ratios identified in cell
assays (data set 1 and 2, respectively). We then performed a
linear regression analysis of these data. To be considered
significant, any findings were then required to be observed
in both these two independent data sets of the same
approximate size. The two data sets are shown in Tables S2
and S3.
The regression plots are shown in Fig. 2. Significant

correlations at the 95% confidence level were identified with
both of the two independent data sets separately (Ab42/Ab40:
R2 = 0.34, p = 0.046, Fig. 2a; Ab42/Abtotal: R2 = 0.44,
p = 0.009, Fig. 2b), strongly supporting a relation between
pathogenicity and the ratio of Ab42 to Ab40. The significance
is comparable to that which was observed previously
(Duering et al. 2005; Kumar-Singh et al. 2006) and confirms
that increased relative Ab42 levels correlate with age of
symptom onset of PSEN1 variants for these two independent
data sets.

Chemical determinants of Ab42/Ab40 ratio

After having confirmed that clinical age of symptom onset
does indeed correlate significantly with the Ab42/Ab40 ratio
of the PSEN1 mutants, we wanted to understand whether
fundamental chemical or structural properties of the mutants
could explain these correlations. To this end, we performed
linear regression analysis of the chemical properties (hy-
drophobicity, propensity to be buried, helix propensity,
polarity and protein stability) that were hypothesized to
influence the conformational integrity of presenilin and could
possibly explain the positional spread of PSEN1 mutations
causing FAD. Numerical data of computed chemical and
structural properties for the two data sets have been compiled
in Tables S4 and S5.
We observed significant correlations between Ab42/Ab40

(Fig. 3a and b) and Ab42/Abtotal (Fig. 3c and d) ratios and
the change in hydrophobicity caused by mutation. To
account for methodological differences potentially affecting

© 2016 International Society for Neurochemistry, J. Neurochem. (2016) 137, 101--111

104 A. K. Somavarapu and K. P. Kepp



this result, we used two different hydrophobicity scales
(Roseman vs. Kyte and Doolittle). Figure 3a and b shows
the correlations between Ab42/Ab40 ratios and the change
in hydrophobicity computed using the Roseman scale
(R2 = 0.51, p = 0.008) and the scale by Kyte and Doolittle
(R2 = 0.53, p = 0.006), respectively. Figures 3c and 3d
show similar correlations using instead data set 2 with the
reported Ab42/Abtotal ratios versus hydrophobicity changes
according to Roseman (R2 = 0.41, p = 0.012) and Kyte
and Doolittle (R2 = 0.41, p = 0.013). The significant
correlations show that the experimentally observed increase
in relative Ab42 levels is largely explained by decreased
hydrophobicity associated with a given PSEN1 mutation.
Similarly, the empirical propensity to be buried showed
notable correlations for data set 2 (Figure S2). This
property correlates with hydrophobicity of the amino acid
and further strengthens the conclusion that this feature is
important.
To further validate this fundamental relationship between

chemical properties and PSEN1 phenotypes, we computed
the change in polarity associated with mutation and corre-
lated this change against experimental Ab42/Ab40 and Ab42/
Abtotal. Figures 4a and c show the linear regression plots:
significant correlations were again observed for both Ab42/
Ab40 (R2 = 0.47, p = 0.014) and Ab42/Abtotal (R

2 = 0.59,
p = 0.001), with increase in polarity largely explaining the
increase in relative (not absolute) Ab42 levels. Polarity is
expected to be inversely related to hydrophobicity, so the
three independently used descriptors confirm the same
robust, fundamental property–phenotype relationship.
A single amino acid change in protein can interfere with

solubility, stability, structure, function and substrate interac-
tions (Steward et al. 2003). Protein misfolding and decrease
in thermodynamic stability are common consequences of
pathogenic missense mutations (Bross et al. 1999; Gregersen

et al. 2006); impaired protein structure is a common
contributor to disease (Yue et al. 2005; Chiti and Dobson
2006). To examine the effect of PSEN1 mutations on the
stability of the protein, we compared the stability changes (in
kcal/mol) computed using I-mutant 2.0 with the two sets of
Ab42 ratios. Figures 4b and d show the regression plots with
Ab42/Ab40 (R2 = 0.39, p = 0.028) and Ab42/Abtotal
(R2 = 0.63, p = 0.0007) ratios both being significantly
determined by stability loss associated with the mutations.

Chemical determinants of age of symptom onset

With experimental Ab42 levels significantly correlating with
age of onset and chemical properties, it is stimulating to
study any direct relationships between chemical properties
and the clinical age of onset. Thus, we compared the change
in properties to the clinical age of disease onset. Figures 5a
and c show the regression plots for the change in polarity
versus patient age of onset based on data set 1 (R2 = 0.49,
p = 0.011) and data set 2 (R2 = 0.40, p = 0.015). From this
analysis, a decrease in polarity correlates with increased age
of onset. To our knowledge, this is the first relationship
between age of onset of PSEN1 variant carriers and
fundamental chemical properties of the involved mutants.
Propensity to be buried and hydrophobicity correlated less
significantly but with the expected direction (Figures S2 and
S3).
Correspondingly, Fig. 5b (R2 = 0.75, p = 0.0002) and

Fig. 5d (R2 = 0.44, p = 0.009) show that the change in
stability caused by mutation (in kcal/mol) correlates strongly
with the age of onset of variant carriers, which are the most
significant correlations identified in this work. The correla-
tions to stability, polarity and hydrophobicity changes
support each other and together suggest that mutations that
weaken the structural integrity and membrane packing of the
protein cause disease. The squared correlation coefficients

Fig. 2 Relation between age of onset of FAD and (a) the Ab42/Ab40 ratio for data set 1; (b) the Ab42/Abtotal ratio for data set 2, compiled from the
literature (See text for explanation).
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and p-values for all the studied properties from data set 1 and
2 are shown in Tables S6 and S7, respectively.

Discussion

It has been suggested from the analysis of cleavage products
that PSEN1 mutants experience reduced cleavage precision,
leading to increased long-short ratios (Fukumori et al. 2010),
consistent with the suggested trimming mechanism of c-
secretase (Wolfe 2012; Fernandez et al. 2014). Two expla-
nations may be involved: (i) the catalytic turnover and/or
position of substrate cleavage is very sensitive to long-range
dynamics within the membrane-bound presenilin, i.e. cleav-
age proficiency and precision are impaired even upon
marginal changes by mutation; or (ii) the general association
of the protein with the membrane and substrate is sensitive to
subtle variations in the protein. The first mechanism relates to
kcat/Km, whereas the second relates to proper formation of the
mature protein complex via proper protein-membrane
association.

The correlations in Fig. 2 show that while the relative
amount (not absolute amount) of Ab42 relates to disease, it
does not mean that this relative amount causes AD (corre-
lation does not imply causation). However, the hypothesis
that relative Ab42 levels cause disease is consistent with and
not rejected by this analysis. Still, such a hypothesis would
need to explain how the increased relative amount of Ab42
would cause AD. Two amyloid-centric possibilities seem
apparent: (i) The long-short ratio, rather than the total Ab
levels, is important in seeding pathogenic oligomers, e.g.
because of a competition mechanism where a certain local
fraction of Ab42 produces pathogenic oligomers whereas a
smaller local fraction does not. We refer to this mechanism as
the competitive seeding mechanism (a gain of toxic Ab42
mechanism); (ii) the higher long-short ratio changes a
chemical balance relating to normal function of Ab (a loss
of Ab function mechanism). Third, the presenilin loss-of-
function hypothesis (Shen and Kelleher 2007) would be
consistent with this correlation even without the correlation
being causative, if loss of presenilin function causes AD and

Fig. 3 Correlation between Ab42/Ab40 (A,B) or Ab42/Abtotal (c and d)
ratio and hydrophobicity change induced by PSEN1 mutations: (a)

Roseman scale for data set 1; (b) K&D scale for data set 1; (c)
Roseman scale for data set 2; (d) K&D scale for data set 2.
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the increased long-short ratio (and resulting amyloid aggre-
gation) is a side-consequence of reduced presenilin function.
Indeed, there are many more mutations in PSEN1 than APP
that cause FAD and they spread throughout the sequence,
whereas those in APP concentrate near the processing region
(Shen and Kelleher 2007); furthermore, PSEN1 mutations are
clinically more severe, in terms of early onset and rate of
disease progression than APP mutations (Ryman et al.
2014).
The statistically significant correlations of our analysis

presented in Fig. 3 show that the experimentally observed
increase in relative Ab42 levels is largely explained by
decreased hydrophobicity associated with a given PSEN1
mutation; this new result has immediate implications for
understanding the pathogenicity of PSEN1 mutants at the
molecular level.
As most of the PSEN1 mutations are associated with

clinical data from only one family, and some have no age of

onset reported, it is of interest to see if general chemical
properties are characteristic of the presenilin mutant proteins
relative to the wild type presenilin. To this end, we analyzed
the distribution of the chemical properties for the entire data
set of PSEN1 variants (Table S1). Figures 6a and b show
the distribution of the change in polarity and stability
(ΔΔG), respectively. The identified chemical properties
defining the pathogenicity of presenilin mutants are gener-
ally affected in the same direction when all 183 mutations
are considered together. This additional analysis strengthens
our suggestion that the mutations destabilize the protein,
typically by increasing the polarity of the amino acid. This
has two consequences: (i) the unfolded protein state
becomes more favorable by additional polar residues in
the presenilin chain (in contrast hydrophobic changes would
render the unfolded protein less stable); and (ii) the folded
mature presenilin protein will pack less well with the
membrane.

Fig. 4 (a) Correlation between Ab42/Ab40 from data set 1 and polarity

change of PSEN1mutations; (b) same for stability change of mutations;

(c) Correlation between Ab42/Abtotal from data set 2 and polarity

change; (d) same for stability change.
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Fig. 5 Chemical drivers of PSEN1 variant pathogenicity. Age of
disease onset of PSEN1 variant carriers (years) versus (a) polarity

change, data set 1; (b) stability change, data set 1; (c) polarity change,
data set 2; (d) stability change, data set 2.

Fig. 6 Distribution of computationally estimated changes in chemical
properties for 183 reported PSEN1 mutations (see text for details). (a)

Estimated change in polarity; (b) Change in thermodynamic stability

caused by mutation (kcal/mol) computed using I-Mutant 2.0. and the
homology model of Figure 1.
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Conclusions

In this combined meta-analysis and computational chemistry
work, we studied the change in fundamental chemical
properties of amino acids upon mutation of PSEN1 and
compared these changes to available clinical and biochemical
experimental data for PSEN1 variants known to cause
Alzheimer’s disease. This is the first study of its kind
investigating the chemical property changes and their relation
to the pathogenicity of PSEN1 mutations to establish
surprising, statistically significant relations between the age
of symptom onset, as a measure of the severity of
pathogenesis of a genetic variant, and the hydrophobicity,
polarity and stability of the corresponding mutant. Other
measures of severity, such as specific histopathological
phenotypes of disease characteristics of neurodegeneration,
might be relevant but these are less available in the literature
and thus not currently subject to analysis.
The studied properties complement each other and estab-

lish a hypothesis on the mechanism of PSEN1 mutations: the
general tendency towards increased polarity or decreased
hydrophobicity most likely destabilizes the membrane-
embedded presenilin protein. This is consistent with com-
puted stability changes upon PSEN1 mutation. If membrane
packing is impaired, the association of presenilin with other
constituents of c-secretase is likely to be reduced. Partial
dissociation from the membrane and loss of compactness will
potentially impair docking of APP and thus the catalytic
turnover and precision of intramembrane stepwise e- and c-
cleavage (Qi-Takahara et al. 2005; Takami et al. 2009),
suggesting a molecular mechanism for increased ratio of long
versus short Ab peptides and the reduced overall catalytic
proficiency of presenilin mutants. Our findings are in
agreement with recent experiments suggesting that
hydrophobic membrane thickness is a critical parameter for
cleavage precision and total activity (Winkler et al. 2012).
Our suggested pathogenic membrane-dissociation mecha-
nism further explains why mutations distributed across the
PSEN1 sequence can cause AD, since overall stability and
membrane association is a global property of the protein, in
contrast to direct catalytic proficiency governed by a few
residues close to the catalytic aspartates. This mechanism
suggests new strategies for treating AD aiming towards
specifically recovering the membrane integrity and stable,
packed, membrane-bound state of presenilin.
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